Background: Different postdesigns and materials are available; however, no consensus exists regarding superiority for stress distribution. The aim of this study was to evaluate the effect of design and material of post with or without ferrule on stress distribution using finite element analysis. Materials and Methods: A total of 12 three-dimensional (3D) axisymmetric models of postretained central incisors were made: Six with ferrule design and six without it. Three of these six models had tapered posts, and three had parallel posts. The materials tested were titanium post with a composite resin core, nickel chromium cast post and core, and fiber reinforced composite (FRC) post with a composite resin core. The stress analysis was done using ANSYS software. The load of 100 N at an angle of 45° was applied 2 mm cervical to incisal edge on the palatal surface and results were analyzed using 3D von Mises criteria. Results: The highest amount of stress was in the cervical region. Overall, the stress in the tapered postsystem was more than the parallel one. FRC post and composite resin core recorded minimal stresses within the post but the stresses transmitted to cervical dentin were more as compared to other systems. Minimal stresses in cervical dentine were observed where the remaining coronal dentin was strengthen by ferrule. Conclusion: A rigid material with high modulus of elasticity for post and core system creates most uniform stress distribution pattern. Ferrule provides uniform distribution of stresses and decreases the cervical stresses.
INTRODUCTION
Endodontic treatment can never be considered complete until the tooth has been restored to provide proper function consistent with the demand of the patient. Endodontically treated teeth, with a large amount of coronal tooth structure loss, frequently require the placement of a postinside the root canal, to retain a core for definitive restoration. [1, 2] The primary function of the endodontic post is to retain the core, which subsequently provides a suitable foundation for final restoration placement. It also provides a substructure for anchoring a final restoration to the tooth. [3] The selection of postmaterial is based on its biocompatibility, mechanical properties, ease of fabrication, and availability in market and cost factor. Structurally compromised roots have conventionally been restored with casting posts and cores with the advantages of poststiffness, optimum adaptation, and high retention. [4] Metallic posts include titanium (Ti) and nickel-chromium (Ni-Cr) posts. Newer materials include ceramics and fiber reinforced resin [5] [6] [7] used for their unique esthetic properties and other positive features. The key element of tooth preparation, when using post and core is the incorporation of the ferrule. Extension of axial walls of the crown apical to missing tooth structure provides the ferrule. It helps to bind the remaining tooth structure and prevents root fracture during the function. [8, 9] The effectiveness of ferrule has been evaluated by a variety of methods including stress analysis, electrical strain gauge, and photoelastic analysis. However, these methods have their own disadvantages.
Finite element analysis has become a popular tool in stress analysis and has been applied to dental biomechanics for two decades. Finite element method (FEM) is a numerical modeling tool, which provides a versatile method of analyzing stresses in any complex system. The advantages of this method are that it more closely simulates the natural conditions, reduces experimentation cost, avoids destructive experimentation, good reproducibility, and accuracy of the results and saves time.
[10] Kumar and Rao [11] conducted a three-dimensional (3D) finite element analysis of stress distribution in teeth restored with metal and fiber posts of varying diameters and concluded that to reduce stress in the remaining radicular tooth structure, it is better to use a fiber post with a large diameter. Kainose et al. [12] evaluated the stress distribution in root filled teeth restored with a various post and core techniques using finite element linear analysis. Bessone et al. [13] analyzed the biomechanical behavior of anterior teeth using two different methods: FEM and experimental tests and concluded that restored teeth, in which the elastic modulus of the post was similar to that of the dentine and the material of the core had the best biomechanical performance.
The aim of this study was to predict, analyze, and compare stress distribution properties of Ni-Cr cast post and core, Ti post with composite resin core and fiber reinforced composite (FRC) post with composite resin core in endodontically treated maxillary central incisors restored with porcelain fused to metal crowns, with and without ferrule design.
MATERIALS AND METHODS
The dimensions of various parts in the finite element model for maxillary central incisor were adopted as given by various investigators. [14] [15] [16] Construction of the 3D models of different parts was carried out using 3D MAX software (Autodesk Foundation, CA, USA). An axisymmetric model was made representing the various parts of the structure, i.e., gutta percha, post, core, root, and crown. The files were created in the.iges format (a vendor-neutral file format that allows the digital exchange of information among computer-aided design systems) to transfer them to ANSYS version 10.0 (Swanson Analysis Inc., Houston, Tx, USA). A total of 12 models, 6 with ferrule design and another 6 without ferrule design were generated. Out of each of these 6 models, 3 had tapered post, and 3 had a parallel post. The ferrule design consisted of the bevel of 1.5 mm length at an angle of 35° created to give a metal collar all around. The materials tested were Ti post with a composite resin core; Ni-Cr cast post and core and fiber reinforced composite (FRC) post with a composite resin core.
The 3D models of different parts were imported and assembled in ANSYS to form the required model. Further, the element type was specified as the solid brick 8 node 45, an element with 8 nodes and the material properties of the various parts of the model according to the material to be tested were specified using the material properties option for the meshing purpose. The material properties specified were the modulus of elasticity and Poisson's ratio [7, [17] [18] [19] [ Table 1 ]. Using the material properties for each material and the element specified the model was meshed using the meshing tool. Meshing generated 279,805 elements interconnected by 53,340 nodes. Then the boundary conditions were applied on the nodes of the root surface to give them 0° of freedom in all the directions. The load of 100 N 
Material

Modulus of elasticity (GPa)
Poisson's ratio
Dentin [20] 18.6 0.31 Periodontal ligament [16] 0.0689 0.45 Cortical bone [16] 13.7 0.30 Gutta percha [21] 0.00069 0.45 Titanium [20] 120.0 0.30 Nickel chromium alloy [20] 203.6 0.30 Fiber reinforced composite resin [22] 15.0 0.28 Composite resin [22] 8.3 0.28 Porcelain [20] 69.0 0.28 at an angle of 45° was applied 2 mm cervical to the incisal edge on the palatal surface.
The data files created in the preprocessor were used by the solver to give solution for stresses, and displacement. The results obtained by solution were viewed graphically using "graphical user interface."
The results of the study were analyzed using the 3D von Mises criteria. The output for each material and type of post with or without ferrule was obtained as the color coded diagrams where similar colors depict the same range of stresses generated and warmer colors represent higher stresses. After the results were calculated, midsection of all the models in buccolingual direction were made to evaluate the stress patterns generated within the core, post, crown, and the root in the cervical region [ Table 2 ]. The components of the models were also separated to obtain the individual components. The post being the components of interest was used to analyze the results [ Table 3 ]. 
RESULTS
The highest magnitude of the stress in the post and core system was in the cervical region irrespective of the degree of taper, the material, and presence or absence of ferrule. Overall, the stress produced in the tapered posts was more as compared to the parallel postsirrespective of the material of the post and presence or absence of ferrule [ Figures 1 and 2] . In all the FE models studied, a higher magnitude of stresses was observed on the buccal aspect of the cervical dentin as compared to the palatal aspect [ Figure 3 ]. The maximum stress in cervical region was seen in FRC nonferrule post and core system (90 MPa) [ Figure 3 ], however within the post, the maximum stress was seen in nonferrule Ni-Cr tapered post and core system (17.1 MPa) [ Figure 1 ]. Although FRC postrecorded minimal amount of stress within the post (0.837 MPa) in all post and sore systems studied [ Figure 4 ], the stresses transmitted to the surrounding dentin were highest (90 MPa). This value was much greater as compared to Ni-Cr cast post and core system [ Figure 5 ]. The stresses produced in the cervical dentin are lesser when the ferrule is incorporated, irrespective of the material type, and degree of taper [ Table 3 ]. The most uniform pattern of stress distribution was in ferrule Ni-Cr cast post and core system where stresses were in the range of 51 (palatal) and 47 (buccal) [ Figure 5 ].
DISCUSSION
Intraorally, post and core restorations like any other restoration, are subjected to masticatory forces. The stress originated by the masticatory forces in an endodontically treated tooth restored with post and core can cause root fracture. Post and core restorations are multicomponent complex systems wherein the stress distribution within the structure is multi-axial, nonuniform, and depends on the magnitude and direction of the applied external loads. A theoretical well-known method for calculating stress distribution within such a complex structure is the FEM, which allows the investigators to evaluate the influence of model parameter variation, once the basic model has been correctly defined.
Overall stress transmitted by tapered posts was more and highest; irrespective of the other parameters such as the presence of ferrule or type of material; as compared to the parallel posts in both ferrule and nonferrule groups for all the three materials studied, i.e. Ti, Ni-Cr, and FRC.
The difference in stress values was observed in a cervical, middle, and apical third of the posts. Similar findings were found in the studies conducted by Peter et al., [23] Cooney and Caputo. [24] They also concluded that tapered posts transmited greater stresses than parallel posts. The higher stresses in the case of tapered posts can be explained on the "wedging effect." Overall stress observed within the FRC posts was least in magnitude as compared to the Ti posts and Ni-Cr posts irrespective of the presence of ferrule and type of material. On the evaluation of stress patterns in the cervical region, it was found that stresses transmited by the FRC posts (both tapered and parallel) without ferrule design were maximum (67 and 48 MPa on buccal and palatal aspect for tapered nonferrule group and 90 and 48 MPa for the parallel nonferrule group). This though being an advantage for the restoration, is a disadvantage for the supportive structure. This may be explained on the basis of smaller value of modulus of elasticity for FRC posts (15.0 GPa) as compared to the Ti (120 GPa) and Ni-Cr (203.6 GPa). The FRC material acting as a highly resilient material absorbs the stresses and dampens it, but the stresses are not distributed in a uniform manner on the whole complex. Similar findings were found in the study conducted by Eskitascioglu et al. [25] It was concluded by the study that FRC system transferred stress to the tooth; while stress accumulated within the postsystem was low. It was observed that ferrule plays an important role in the uniform distribution of the stresses by the post and core system when considered as a whole complex.
There is a clear indication that placement of ferrule does reduce the stresses in the cervical dentin for all the models studied irrespective of the material and design of the post. This observation is in accordance with studies by many researchers. Barkhordar et al. [8] examined the effect of the metal collar with approximately 30° tapered on the resistance of endodontically treated maxillary central incisors roots to fracture. They concluded that reinforcement by the metal collar was necessary to enhance resistance to root fracture. Libman and Nicholls [26] reported that preliminary failure occurred with a lower number of load cycles (4.0 kg) in endodontically treated central incisors with ferrule length of 0.5 and 1.0 mm as compared to 1.5 and 2.0 mm. Isidor et al. [9] reported that fracture resistance to cyclic loading increased significantly with increasing ferrule length. Al-Hazaimeh and Gutteridge [21] concluded that when composite cement and core materials were utilized with a prefabricated para postsystem, additional use of 2 mm ferrule preparation had no benefits in terms of resistance to root fracture. Lu et al. [20] found out that there was statistically significant difference in the fracture resistance between crowned teeth with and without 2 mm dentin ferrule. Pierrisnard et al. [22] in their FEM study reported that the absence of ferrule was a determining negative factor, giving rise to considerably higher stress levels. Akkayan [27] compared the effect of three different ferrule lengths on the fracture resistance of crowned endodontically treated teeth restored with four different esthetic dowel systems and found that teeth prepared with 2.01 mm ferrule demonstrated significantly higher fracture threshold. Aykent et al. [28] reported that presence of 1 mm of coronal dentin above the shoulder significantly increased the fracture strength of teeth restored with post and core system. Ichim et al. [29] in their FEM study reported that on increasing the ferrule height, displacement, and rotation of crown was reduced, maximum reduction occurring when the ferrule height reached 1.5 mm.
It was also observed in the study that the cervical stresses produced on the buccal aspect were greater as compared to the palatal aspect. This is because the load being applied on the palatal surface. Therefore, the resultant stress was developed on the buccal aspect. This observation was in accordance with the work conducted by Ichim et al. [29] They observed that when the crown was loaded on the palatal aspect at an angle of 120°, the crown displaced to the buccal side and rotated distally. They also found that on increasing the ferrule height, the displacement, and rotation of the crown reduced, maximum reduction was occured when ferrule height reached 1.5 mm.
The followings are the limitations of this study. The materials used in this study were considered homogenous and isotropic, also considered to be linearly elastic. In addition, the load applied to the FE model was static, whereas cyclic load of different magnitude is usually applied to the maxillary central incisors in the oral cavity. Thus, the results of this study should be considered with caution.
CONCLUSION
Within the limitations of this study it can be concluded that:
• The incorporation of ferrule in remaining coronal dentine definitely reduced the stresses in cervical dentine • The maximum stresses were observed in the cervical region of the post and core system, irrespective of degree of tapering, material, and presence and absence of ferrule • Stress in the tapered posts was more than parallel posts • A rigid material with high modulus of elasticity exhibits the most uniform pattern of stress distribution within the whole complex and minimal stress transmission to the surrounding dentin.
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